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Despite close genetic relationship, Bombyx mori nucleopolyhedrovirus (BmNPV) and Autographa californica multicapsid NPV (AcMNPV)
display a distinct host range property. Here, BmNPV replication was examined in Sf9 and High Five cells that were nonproductive for BmNPV
infection but supported high titers of AcMNPV replication. Recombinant BmNPV, vBm/gfp/lac, containing bm-ie1 promoter-driven egfp showed
that few Sf9 and High Five cells infected with vBm/gfp/lac expressed EGFP, while large proportion of EGFP-expressing cells was observed when
transfected with vBm/gfp/lac DNA. Immunocytochemical analysis showed that BmNPV was not imported into the nucleus of these two cell lines,
while recombinant BmNPV, vBmD64/ac-gp64 possessing AcMNPV gp64 was imported into the nucleus, yielding progeny virions in High Five
cells, but not Sf9 cells. These results indicate that the defective nuclear import of infected virions due to insufficient BmNPV GP64 function is
involved in the restricted BmNPV replication in Sf9 and High Five cells.
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Nucleopolyhedroviruses (NPVs) that belong to the family
Baculoviridae are insect-specific, large, enveloped, double-
stranded, nuclear-replicating DNA viruses (Blissard et al.,
2000). NPVs exhibit a unique replication cycle, yielding two
distinct virion forms that are genotypically identical but
phenotypically distinct. One form is occlusion body (OB)-
derived virions (ODVs) that mature within the nucleus of
infected cells and are occluded into protein matrices designated
as polyhedra. The other is budded virions (BVs) that mature
through budding from the plasma membrane of infected cells.
The ODVs are released from OBs dissolved by the alkaline
digestive juices within the midgut lumen and involved in the
primary infection of midgut columnar cells. The BVs yielded
in the midgut cells are involved in the secondary infection of
cells of other susceptible tissues. Thus, ODVs play a role in
horizontal transmission from insect to insect, whereas BVs are0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: michihir@agr.nagoya-u.ac.jp (M. Kobayashi).essential for cell-to-cell transmission to spread the infection
throughout the susceptible tissues within an infected insect
(Blissard, 1996; Blissard and Rohrmann, 1990; Volkman,
1997).
NPV BV enters cells via adsorptive endocytosis (Volkman
and Goldsmith, 1985), in which GP64 envelope fusion protein
plays crucial roles. In the endocytic pathway, BV virions bind
to the host cells (Wickham et al., 1992b; Wang et al., 1997;
Hefferon et al., 1999) and are uptaken into endocytic vesicles,
endosomes. The endosomes with viral cargo travel to the
vicinity of the nucleus, where low pH-triggered membrane
fusion occurs between BV envelopes and endosomal mem-
branes to release viral nucleocapsid into the cytoplasm of the
host cells. Upon release of nucleocapsid from the endosomes,
filamentous actin cables are formed in the cytoplasm, through
which viral genome DNA with associated capsid proteins is
transported into the nucleus (Charlton and Volkman, 1991,
1993; Lanier and Volkman, 1998). Once the viral genome is in
the nucleus in an expressible form, viral gene expression
commences. GP64 is responsible for low pH-triggered mem-
brane fusion between BV envelopes and endosomal mem-
branes (Blissard and Wenz, 1992) as well as viral binding onto6) 455 – 465
www.e
Fig. 1. Schematic representation of recombinant viruses and transfer vectors
used in this study. (A) vBm/gfp/lac and pBK/gfp/lac. The polyhedrin gene
(polh) was replaced with ie1 promoter (ie1 p)-driven egfp and polh promote
(polh p)-driven lacZ by homologous recombination between BmNPV genome
DNA and the plasmid pBK/gfp/lac, generating vBm/gfp/lac. (B) vBmD64/ac
gp64 and vBmD64/bm-gp64. The vBmD64/ac-gp64 and vBmD64/bm-gp64
were generated by homologous recombination between vBmD64/bm-gp64
Blue genome DNA and transfer vectors pBm64FR/ac-gp64ha and pBm64FR
bm-gp64ha (see text), respectively. Abbreviation of restriction endonuclease
cleavage sites: B, BamHI; C, ClaI; K, KpnI; Nc, NcoI; No, NotI; SII, SacII; S
SalI; Xb, XbaI; Xh, XhoI. *Abolished restriction endonuclease cleavage sites
For plasmid construction procedures, see the text.
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1999).
Comparative analysis of viral genomes has demonstrated
that Bombyx mori NPV (BmNPV) and Autographa californica
multicapsid NPV (AcMNPV) are closely related in their
genome organization, gene contents and nucleotide sequences
of conserved genes (Ayres et al., 1994; Gomi et al., 1999).
Despite such close genetic relationship, BmNPVand AcMNPV
display a distinct host specificity property (Miller and Lu,
1997). In cell culture, AcMNPV productively infects a wide
variety of insect cells, while BmNPV yields progeny virions
only in insect cell lines from B. mori and Spilosoma imparilis
among cell lines so far examined, including those from
Spodoptera frugiperda, Spodoptera exigua, Spodoptera littor-
alis, and Trichoplusia ni (Maeda et al., 1990; Kondo and
Maeda, 1991; Morris and Miller, 1993; Shirata et al., 1999).
Comparative biological characterization of BmNPV and
AcMNPV in multiple cell lines will provide excellent
opportunity for understanding the underlying mechanisms for
host specificity determination (Kondo and Maeda, 1991;
Kamita and Maeda, 1993; Croizier et al., 1994; Shirata et al.,
1999; Ikeda et al., 2001; Katou et al., 2001; Rahman and
Gopinathan, 2003).
In the previous study, we found that BmNPV infection was
not productive in Sf9 cells that support a high titer of
AcMNPV replication and showed that BmNPV replication
was restricted in majority of Sf9 cells at a step prior to the
expression of immediate early viral gene (Katou et al., 2001).
Together with the fact that transfection of Sf9 cells with
BmNPV genomic DNA yields substantial amount of progeny
BVs (Martin and Croizier, 1997), these results suggested that
BV entry via endocytosis was likely the step that was
restricted in majority of Sf9 cells. In this study, we
demonstrate that BmNPV BVs are internalized into nonper-
missive Sf9 and High Five cells and travel to the vicinity of
the nucleus without being imported into the nucleus, while a
recombinant BmNPV, vBmD64/ac-gp64, possessing ac-gp64
in place of its own bm-gp64 is imported into the nucleus of
Sf9 and High Five cells. We also show that vBmD64/ac-gp64
yielded progeny virions in High Five cells, while no progeny
virions of vBmD64/ac-gp64 are produced in Sf9 cells. These
results indicate that abortive BmNPV replication in High Five
cells is attributable to a defect in viral import into the nucleus,
while productive BmNPV replication in Sf9 cells is restricted
at multiple steps of infection cycle, including the step of
nuclear transport of the virions.
Results
Expression of BmNPV ie1 promoter-driven egfp in the cells
infected with vBm/gfp/lac
Previous studies have shown that cell lines Sf9, High Five,
TN368, Se301, and SpIm are permissive for AcMNPV
replication, whereas AcMNPV infection of BmN-4 and
Ld652Y cells results in abortive replication (McClintock et
al., 1986; Guzo et al., 1991, 1992; Morris and Miller, 1993;Shirata et al., 1999; Ikeda et al., 2001; Rahman and
Gopinathan, 2003). To determine in vitro host specificity of
BmNPV, each of these seven different lepidopteran cell lines
along with a dipteran cell line, Drosophila S2, was infected at a
multiplicity of infection (MOI) of 10 plaque-forming units
(PFU) per cell with vBm/gfp/lac, a recombinant BmNPV
possessing egfp and lacZ genes that were controlled by the
promoters of ie1 (bm-ie1) and polyhedrin gene (bm-polh) of






Y. Katou et al. / Virology 347 (2006) 455–465 457infected cells were examined for EGFP expression under a
fluorescence microscope (Fig. 2). Based on the fact that egfp
was driven by bm-ie1 promoter, we considered that cells
expressing EGFP represented the cells in which vBm/gfp/lac
DNAwas successfully delivered into the nucleus in expressible
form. The results showed that few cells, if any, from cell lines
Sf9, High Five, TN368, Se301, and S2 expressed detectable
amount of EGFP, whereas EGFP was expressed in 12.7 and
9.0% of total cells from the cell lines Ld652Y and SpIm,
respectively, that had been shown to support the replication of
BmNPV (Shirata et al., 1999) or BmNPV DNA at significant
levels (Ishikawa et al., unpublished). These results suggested
that BmNPV was defective in delivering its genomic DNA to
the nucleus in expressible form in the cell lines Sf9, High Five,
TN368, Se301, and S2.Fig. 2. EGFP expression in eight different insect cell lines infected with vBm/gfp/lac
infected with vBm/gfp/lac at an MOI of 10 and examined under light and fluorescenc
the cell culture examined under light and fluorescence microscopes, respectively. Ba
with vBm/gfp/lac. Cell lines BmN-4, Sf9, High Five, TN368, Se301, Ld652Y, SpIm,
total cells and EGFP-expressing cells were counted in three different fields of the i
Vertical bars represent standard deviations of means from three determinations.Expression of BmNPV ie1 promoter-driven egfp in the cells
transfected with vBm/gfp/lac DNA and BV yields in the cells
transfected with BmNPV DNA
To eliminate the possibility that bm-ie1 promoter was
inactive in cell lines Sf9 and High Five, Sf9 and High Five
cells, along with BmN-4 cells, were transfected with vBm/gfp/
lac DNA and transfected cells were examined for EGFP
expression (Fig. 3A). Significant number of cells from cell
lines Sf9 and High Five showed EGFP fluorescence at 24
h posttransfection (p.t.) with vBm/gfp/lac DNA, and the
number of EGFP-positive cells increased slightly at 48 and
72 h p.t. The proportion of EGFP-positive cells relative to total
cells was significantly higher in cell lines of Sf9 and High Five
transfected with vBm/gfp/lac DNA than those infected with. (A) BmN-4, Sf9, High Five, TN368, Se301, Ld652Y, SpIm, and S2 cells were
e microscopes at 24 h postinfection. Left and right panels show the same field in
r indicates 500 Am. (B) Quantification of EGFP-expressing cells upon infection
and S2 were infected with vBm/gfp/lac at an MOI of 10. At 24 h postinfection,
nfected culture and proportions (%) of EGFP-expressing cells were calculated.
Fig. 3. EGFP expression and BV yields in three different insect cell lines. (A)
EGFP expression in the cells transfected with vBm/gfp/lac DNA. BmN-4, Sf9,
and High Five cells (1106) were transfected with 1 Ag of vBm/gfp/lac DNA
and examined at 24, 48, and 72 h posttransfection under light (upper panels)
and fluorescence microscopes (lower panels). Bar indicates 500 Am. (B) BV
yields in the cells transfected with BmNPV DNA. BmN-4, Sf9, and High Five
cells (1106) transfected with 1 Ag of BmNPV DNA were cultured at 28 -C.
At 0 and 72 h posttransfection, BV yields into the culture medium were
determined by plaque assay with BmN-4 cells. Vertical bars indicate the
standard deviations of means from three determinations. ND, not detected (less
than 1 PFU/ml).
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less number of cells, as compared with those in vBm/gfp/lac
DNA-transfected Sf9 and High Five cells, exhibited EGFP
expression at 24 h p.t., but EGFP-positive cells increased
strikingly at 48 and 72 h p.t., suggesting that transfection
efficiency was lower but BV production for the secondaryinfection was higher in BmN-4 cells than in Sf9 and High Five
cells. These results indicated that bm-ie1 promoter was
functional to express egfp gene in both cell lines Sf9 and
High Five, implying that functional viral DNA with respect to
the gene expression was not delivered into the nucleus in the
cell lines Sf9 and High Five infected with BmNPV.
To determine if cell lines Sf9 and High Five transfected with
BmNPV DNA produced progeny BVs, BVyields in the culture
medium were examined (Fig. 3B). The plaque assay with
BmN-4 cells showed unequivocally that BV progeny was
produced in both Sf9 and High Five cells by 72 h p.t., even
though BV titers in Sf9 and High Five cells were lower than
that in BmN-4 cells. At 0 h p.t., no significant amount of
progeny BVs (less than 1 PFU/ml medium) was detected in all
the cell lines examined. These results suggested that productive
BmNPV infection of Sf9 and High Five cells could be achieved
if functional BmNPV DNA was delivered into the nucleus of
these cells.
Nuclear import of BmNPV in cell lines Sf9 and High Five
To determine the possible step in viral replication cycle
at which import of BmNPV DNA into the nucleus was
restricted in cell lines Sf9 and High Five, cells were
infected with BmNPV, and the localization of major capsid
protein VP39 of infected virions was examined by
immunocytochemistry (Fig. 4). Sf9 and High Five cells
were synchronously infected with BmNPV at 4 -C for 60
min and cultured in fresh TC100 medium at 28 -C. At 2
and 4 h p.i., cells were fixed and processed for
immunocytochemistry with monoclonal antibody (mAb)
39p10 that was specific to VP39 protein. Confocal
microscopy revealed capsid staining in the cytoplasm but
not in the nucleus of Sf9 and High Five cells infected with
BmNPV. In contrast, both nuclear and cytoplasmic staining
occurred in BmN-4 cells infected with BmNPV. Similar
experiments with AcMNPV instead of BmNPV showed that
a number of VP39 signals were detected in both the
cytoplasm and the nucleus in all the cell lines examined
(Fig. 4). There were no VP39 signals in the cells from
mock-infected cultures.
In these experiments, at 2 h p.i., proportions of cells with
VP39 signals in the nucleus were 5.3 (n =57), 0 (n =45), and
64.3% (n =42) in the BmNPV-infected cell lines Sf9, High
Five, and BmN-4, respectively, whereas they were 82.8
(n =58), 100 (n =37), and 100% (n =38) in AcMNPV-infected
cell lines Sf9, High Five, and BmN-4, respectively. At 4 h p.i.,
they were 5.8 (n =52) and 63.4% (n=41) in the BmNPV-
infected cell lines Sf9 and BmN-4, respectively, whereas 91.2
(n =57) and 97.6% (n =41) of total examined cells displayed
VP39 signals in the nucleus in AcMNPV-infected cell lines Sf9
and BmN-4, respectively, indicating that the nuclear import of
infected virions was completed by 2 h p.i. These results
suggested that in cell lines Sf9 and High Five, BmNPV BVs
were internalized into the cells upon BmNPV inoculation, but
BmNPV nucleocapsid was not delivered into the nucleus of
infected cells.
Fig. 4. Localization of infected virions in Sf9, High Five, and BmN-4 cells infected with AcMNPVand BmNPV. Sf9, High Five, and BmN-4 cells prechilled at 4 -C
were infected for 60 min at 4 -C with either AcMNPVor BmNPV at an MOI of 50 and cultured at 28 -C. At 2 and 4 h postinfection, infected cells were fixed with
2% paraformaldehyde and examined for virion localization under a confocal microscope using mAb 39p10 against major capsid protein VP39. AlexaFluor 488-
conjugated goat anti-mouse IgG antibody (green) was used to detect mAb 39p10, and the nuclei were stained with PI (magenta). Cells were imaged by transmitted
light (gray scale). Upper panels show the VP39 signals, and lower panels show the merged image. Mock-infected cells were processed as virus-infected cells. Bar
indicates 10 Am.
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vBmD64/bm-gp64 in cell lines Sf9 and High Five
Since BmNPV infection of Sf9 and High Five cells was
restricted at a step prior to the nuclear import of nucleocapsid,
it was possible that GP64 protein was responsible for the
restriction of BmNPV infection of Sf9 and High Five cells. To
explore this possibility, two recombinant BmNPVs, vBmD64/
ac-gp64 and vBmD64/bm-gp64, that were defective in its own
bm-gp64 and contained bm-gp64 promoter-driven hemagglu-
tinin (HA)-tagged AcMNPV gp64 (ac-gp64ha) and BmNPV
gp64 (bm-gp64ha), respectively (Fig. 1B), were generated, and
localization of VP39 protein was examined immunocytochem-
ically in the cells infected with vBmD64/ac-gp64 and
vBmD64/bm-gp64. The genotypes of recombinant BmNPVswere confirmed by DNA sequencing of the recombination
regions, and the expression of HA-fused GP64 protein was
confirmed by immunoblot analysis using antibodies against
GP64 and HA proteins (Fig. 5A). Substantial proportions of
vBmD64/ac-gp64-infected Sf9 and High Five cells showed
VP39 signals in the nucleus at 2 h p.i., while no Sf9 and High
Five cells infected with vBmD64/bm-gp64 had VP39 signals in
the nucleus (Fig. 5B). These results indicated that the
recombinant BmNPV possessing ac-gp64 gene was imported
into the nucleus of Sf9 and High Five cells.
To determine if vBmD64/ac-gp64 replicated in cell lines Sf9
and High Five, parameters relevant to viral replication were
examined. The vBmD64/ac-gp64 infection of High Five cells
resulted in the production of substantial amount of viral DNA,
VP39 protein, GP64 protein, and polyhedrin and yielded
Fig. 5. Nuclear transport of infected virions in Sf9 and High Five cells infected with vBmD64/ac-gp64. (A) Immunoblot analysis of BVs of vBmD64/ac-gp64 and
vBmD64/bm-gp64 for VP39 and HA-tagged-GP64 proteins. Partially purified BVs were obtained from culture medium of infected BmN-4 cells by centrifugation on
a sucrose cushion and analyzed by immunoblotting with anti-Ac/Bm-VP39 antibody (upper panel), anti-GP64 mAb (middle panel), and anti-HA mAb (lower panel).
The numbers on the left of panels indicate molecular masses (kilodalton) of marker proteins. (B) Localization of infected virions in the cells infected with vBmD64/
ac-gp64 and vBmD64/bm-gp64. Sf9, High Five, and BmN-4 cells prechilled at 4 -C were infected for 60 min at 4 -C with vBmD64/ac-gp64 (vAc64) or vBmD64/
bm-gp64 (vBm64) at an MOI of 50 and cultured at 28 -C. At 2 h postinfection, cells were fixed and processed for immunocytochemistry to localize the infected
virions within the cells using mAb 39p10 against major capsid protein VP39. For details, see the legend to Fig. 4. Bar indicates 10 Am.
Y. Katou et al. / Virology 347 (2006) 455–465460progeny BVs (Fig. 6), producing a substantial number of
polyhedra in some of the infected cells (Fig. 7), whereas
vBmD64/bm-gp64-infected High Five cells produced none of
these viral components and yielded neither BVs nor polyhedra.
In Sf9 cells, vBmD64/ac-gp64, as well as vBmD64/bm-gp64,
did not produce VP39 protein, GP64 protein, polyhedrin, BVs,
or polyhedra at detectable levels (Figs. 6, 7). These results
demonstrated that BmNPV possessing ac-gp64 productively
replicated in High Five cells, while it was still abortive in Sf9
cells.
Discussion
In this study, we generated a recombinant BmNPV, vBm/
gfp/lac, that contained bm-ie1 promoter-driven egfp andshowed that few, if any, proportion of Sf9 and High Five cells
infected with vBm/gfp/lac expressed EGFP, while large
proportion of EGFP-expressing Sf9 and High Five cells was
observed in the culture transfected with vBm/gfp/lac genomic
DNA, suggesting that productive BmNPV replication in Sf9
and High Five cells was restricted at a step prior to the
expression of immediate early viral genes. By immunocyto-
chemical analysis with antibody against the major capsid
protein, VP39, we also showed that BmNPV BVs were
internalized into Sf9 and High Five cells and transported to
the vicinity of the nucleus, without being imported into the
nucleus. These results indicate that import of viral nucleocapsid
into the nucleus, that is the obligatory prerequisite for DNA
replication and gene expression of viruses, is defective in Sf9
and High Five cells infected with BmNPV.
Fig. 6. Production of viral proteins, viral DNA, and progeny virions in Sf9 and High Five cells infected with vBmD64/ac-gp64 and vBmD64/bm-gp64. BmN-4,
Sf9, and High Five cells were infected with vBmD64/ac-gp64 or vBmD64/bm-gp64 at an MOI of 10, and infected cells were examined for productions of viral
DNA, viral proteins, and BVs. Mock-infected cells incorporated in the figure were processed similarly to virus-infected cells. (A) Viral proteins production.
BmN-4, Sf9, and High Five cells infected with vBmD64/ac-gp64 (A) or vBmD64/bm-gp64 (B) were harvested at 0, 24, 48, 72, and 96 h postinfection and
analyzed by immunoblotting using anti-GP64 mAb (left panels), anti-Ac/Bm-VP39 antibody (middle panels), or anti-BmNPV polyhedrin antibody (right panels).
Mock-infected cells (M) were analyzed as virus-infected cells. (B) Viral DNA production. BmN-4, Sf9, and High Five cells infected with vBmD64/ac-gp64
(vAc64) or vBmD64/bm-gp64 (vBm64) were lysed and heat-denatured in sodium iodide and blotted onto a Hybond-N+ membrane at 0, 24, 48, 72, and 96
h postinfection. Viral DNAs were hybridized with fluorescein-labeled probe and detected by CDP-star detection module. The signal intensities were quantified
with Lumi Imager by comparing with those of serially diluted BmNPV DNAs of known amount. Vertical bars indicate the standard deviations of means from
three determinations. (C) BV yields. Culture media were harvested at 0, 48, and 96 h postinfection from BmN-4, Sf9, and High Five cells infected with vBmD64/
ac-gp64 or vBmD64/bm-gp64 and subjected to the titration of infectious BVs by plaque assay with BmN-4 cells. Vertical bars indicate the standard deviations of
means from three determinations.
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and vBmD64/bm-gp64 suggest that observed defect in the
import of BmNPV genome into the nucleus of Sf9 and High
Five cells is attributable to the functional difference between
AcMNPV GP64 (Ac-GP64) and BmNPV GP64 (Bm-GP64),
which mediate the low-pH-triggered membrane fusion be-
tween viral envelopes and endosomal membranes during the
viral entry through endocytosis. We have recently found that
low-pH-triggered membrane fusogenic activity, as demon-
strated by syncytium formation assay in Sf9 cells (Blissard
and Wenz, 1992), is higher in Ac-GP64 than in Bm-GP64,
and that an amino acid residue which locates neither within
the fusion domain nor within the oligomerization domain
(Monsma and Blissard, 1995) was responsible for thedifference in the fusogenic activity between Ac-GP64 and
Bm-GP64 (Kotou et al., in preparation).
Our results demonstrated that replication of vBmD64/ac-
gp64 was abortive in Sf9 cells, despite the successful
nucleocapsid import into the nucleus, while it was productive
in High Five cells. The underlying reasons that explain the
restriction of productive vBmD64/ac-gp64 replication in Sf9
cells are not known. Our results, together with those by Martin
and Croizier (1997), demonstrate that transfection of Sf9 cells
with BmNPV DNA yields progeny BVs that productively
infect B. mori Bm5 cells. In addition, we have previously
shown that significant but small numbers of Sf9 cells are
successfully infected with BmNPV (Katou et al., 2001). These
results indicate that there are no serious defects for viral
Fig. 7. Cytopathology and polyhedra production in Sf9, High Five, and BmN-4
cells infected with vBmD64/ac-gp64 or vBmD64/bm-gp64. BmN-4, Sf9, and
High Five cells infected with vBmD64/ac-gp64 (vAc64) or vBmD64/bm-gp64
(vBm64) at an MOI of 10 and examined for cytopathology under a microscope
at 72 h postinfection. Arrowheads indicate High Five cells containing
polyhedra. Mock-infected cells (Mock) are also presented in the figure. Bar
indicates 100 Am.
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viruses. On the basis of these results, it is possible that BmNPV
is defective in nucleocapsid uncoating in the nucleus of Sf9
cells, preventing the subsequent steps of BmNPV replication
cycle. Although it is suggested that uncoating of baculovirus
nucleocapsid is associated with phosphorylation of the basic
DNA binding protein (Wilson and Consigli, 1985a, 1985b;
Funk and Consigli, 1993), little is known of the mechanism for
the baculovirus uncoating (Blissard, 1996). Experiments are
currently underway in our laboratory to identify an AcMNPV
gene(s) that is responsible for the promotion of productive
BmNPV replication in Sf9 cells.
NPVs have been shown to establish unique interactions with
different insect cell lines, resulting in varying types of abortive
replications (Shirata et al., 1999; Wu et al., 2000; Lavin˜a et al.,
2001; Lavin˜a-Caoili et al., 2001) as well as productive
replication. These abortive replications of NPVs result from
either global shutdown of protein synthesis (McClintock et al.,
1986; Guzo et al., 1991, 1992; Thiem et al., 1996; Du and
Thiem, 1997; Mazzacano et al., 1999; Ishikawa et al., 2004) or
apoptosis induced by viral infections (Chejanovsky and
Gershburg, 1995; Palli et al., 1996; Yanase et al., 1998; Dai
et al., 1999; Ishikawa et al., 2003). Alternatively, abortive NPV
replications are attributed to defect in certain biological events
relevant to viral replication that include the defect in viral DNA
replication and expressions of early, late and very late viral
genes (Summers et al., 1978; Morris and Miller, 1992, 1993;
Shirata et al., 1999; Ikeda et al., 2001; Rahman and
Gopinathan, 2003). In this study, we have suggested the
abortive replications that result from the defect in nucleocapsid
escape from the endosome and nucleocapsid uncoating in the
nucleus. Such types of abortive viral replication differ from
those observed previously and provide unique models useful
for understanding the molecular mechanisms underlying
baculovirus host specificity determination.Materials and methods
Cells, viruses, and virus infection
BmN-4 cells (Maeda, 1989) and BM-N cells (Volkman and
Goldsmith, 1982) from B. mori, Sf9 cells from S. frugiperda,
and Ld652Y cells from Lymantria dispar (Goodwin et al.,
1978) were cultured in TC100 medium (JRH Biosciences)
supplemented with 10% fetal bovine serum (FBS). Two cell
lines from T. ni, TN368 (Hink, 1970) and High Five
(Wickham et al., 1992a) were cultured in TC100 medium
supplemented with 10% FBS and 0.26% (w/v) tryptose broth
(Sigma), and Express Five SFM (Invitrogen) supplemented
with l-glutamine (Invitrogen), respectively. Se301 cells from
S. exigua (Hara et al., 1995) were cultured in IPL-41 Modified
Medium (JRH Biosciences) supplemented with 10% FBS.
SpIm cells from S. imparilis (Mitsuhashi and Inoue, 1988)
were cultured in MM medium (Mitsuhashi and Maramorosch,
1964) supplemented with 3% FBS. Schneider line 2 (S2) cells
from Drosophila melanogaster (Schneider, 1972) were pro-
vided by the Riken Cell Bank (Tsukuba, Japan) and cultured
in Schneider’s Drosophila Medium (Invitrogen). These cells
were maintained at 28 -C.
AcMNPV E2 (Smith and Summers, 1978) and BmNPV N9
(Nagamine et al., 1989), and three BmNPV recombinant
viruses, vBm/gfp/lac, vBmD64/ac-gp64, and vBmD64/bm-
gp64, were used in these experiments. vBm/gfp/lac,
vBmD64/ac-gp64, and vBmD64/bm-gp64 were generated
through homologous recombination upon cotransfection of
BmN-4 cells with BmNPV genomic DNA and plasmids pBK/
gfp/lac, pBm64FR/ac-gp64ha, and pBm64FR/bm-gp64ha, res-
pectively (see below). Working stocks of BmNPV and
recombinant BmNPVs were obtained in BM-N cells and
AcMNPV working stock in Sf9 cells.
Cells were infected with viruses for 60 min at room
temperature or 4 -C, and infected cells were cultured at 28 -C
as described previously (Katou et al., 2001).
Antibodies
Mouse monoclonal antibody (mAb) against AcMNPV
GP64 (Ac-GP64) and mAb HA.11 against HA were
purchased from Clontech and Babco, respectively. mAb
39p10 against AcMNPV major capsid protein VP39 (Ac-
VP39; Whitt and Manning, 1988) was donated by Dr.
Volkman (University of California, Berkeley, CA). HRP-
conjugated goat anti-mouse IgG and anti-rabbit IgG anti-
bodies used as the secondary antibody in immunoblot
analysis were purchased from Zymed. AlexaFluor 488-
conjugated goat anti-mouse IgG antibody used for immuno-
cytochemistry was purchased from Molecular Probes. Anti-
BmNPV polyhedrin antibody and anti-AcMNPV/BmNPV
VP39 antibody (anti-Ac/Bm-VP39 antibody) were raised in
rabbits against purified BmNPV polyhedrin (Shirata et al.,
1999) and a partial amino acid sequence of VP39 protein that
was common in AcMNPV and BmNPV (262-QPN
RLQIRNVLKFEGDT-278), respectively.
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generation
Transfer vector pBK/gfp/lac was constructed to generate
recombinant virus vBm/gfp/lac that contained reporter egfp
gene driven by the bm-ie1 promoter (Fig. 1A). pBK/gfp/lac
was derived from pBKblueDprom that harbored the lacZ gene,
KpnI restriction site, and the bm-polh flanking sequences. To
generate pBK/gfp/lac, a fragment containing bm-ie1 promoter-
driven egfp gene and bm-polh promoter was derived from
pBmIE1p-egfp/Polhp by the digestion with KpnI and inserted
into the KpnI site of pBKblueDprom. The bm-ie1 promoter
was amplified by PCR using BmNPV DNA as the template and
IE1p-up (5V-ACACTATTCTAGATTTGCAG-3V) and IE1p-
down (5V-GTTCAGGATCCTGTCGCCGC-3V) as the paired
primers, which were designed to contain restriction endonu-
clease sites (underline) by XbaI and BamHI, respectively. The
amplified bm-ie1 promoter was digested with BamHI and XbaI
and inserted into multiple cloning site of pBlueScript II
(Stratagene) previously digested with BamHI and XbaI,
generating pBmIE1p. The pBmIE1p was then digested with
BamHI and ClaI and ligated with egfp gene obtained from
pBac[3xP3-EGFPafm] (Horn and Wimmer, 2000) upon diges-
tion with BamHI and ClaI. The bm-polh promoter was inserted
into the SacI-SacII site of the resulting plasmid pBmIE1p-egfp,
generating the plasmid pBmIE1p-egfp/Polhp. The bm-polh
promoter was amplified by PCR using pBKblue (Nihon Nosan
Kogyo, Chiba, Japan) as the template and PH-up-SacII (5V-
TACCCGCGGAAATAATAACCATCTCGC-3V) containing
SacII restriction site (underline) and PLR (5V-GAAGATCG-
CACTCCAGCCAG-3V) as the paired primers.
For generation of recombinant viruses vBmD64/ac-gp64
and vBmD64/bm-gp64, we firstly generated a recombinant
virus vBmD64/bm-gp64/Blue that contained S. exigua MNPV
polh (se-polh) promoter-driven lacZ at a site downstream of
bm-gp64 to facilitate the screening of vBmD64/ac-gp64 and
vBmD64/bm-gp64 (Fig. 1B). To generate vBmD64/bm-gp64/
Blue, transfer vector pBm64FR/bm-gp64ha/Blue was con-
structed. The 5V-flanking sequence of bm-gp64 was amplified
by PCR using BmNPV genome DNA as the template and
Bm64F1-NotI (5V-GGCGAGTTGGCGGCCGCATG-3V) con-
taining NotI site (underline) and Bm64F2-XhoI-NcoI (5V-
AACACTCGAGCCTA————–CCATGGCGCTTGTGTG-3V) contain-
ing XhoI (underline) and NcoI sites (double underline) as the
paired primers. The PCR product obtained was digested with
NotI and XhoI and inserted into the NotI-XhoI site of
pBlueScript II. The resulting plasmid, pBm64F, was digested
with NcoI and KpnI and ligated with the hemagglutinin (HA)-
tagged bm-gp64 gene (bm-gp64ha) and the SV40 polyA
signal, generating pBm64F/bm-gp64ha. The 3V-flanking se-
quence of bm-gp64 was amplified with BmNPV genome DNA
as the template and Bm64R1-XhoI-XbaI (5V-GTACCTCGAG
————–TCTAGAAACCGTAATAGTAGAC-3V) containing XhoI (un-
derline) and XbaI sites (double underline) and Bm64R2-SalI
(5V-GATTTTGTCGACGCCGGCTG-3V) containing SalI site
(underline) as the paired primers. This PCR product was
digested with XhoI and SalI and inserted into the XhoI site ofpBlueScript II, generating pBm64R. To obtain a DNA
fragment containing the lacZ gene, pBKblue was digested
with KpnI and SalI. This DNA fragment was ligated with
pBm64F/bm-gp64ha and pBm64R, generating pBm64FR/bm-
gp64ha/Blue. The pBm64FR/ac-gp64ha and pBm64FR/bm-
gp64ha were generated by inserting ac-gp64ha and bm-
gp64ha, respectively, into the NcoI-XbaI site of pBm64FR/
bm-gp64ha/Blue.
Recombinant viruses, vBm/gfp/lac, vBmD64/bm-gp64/Blue,
vBmD64/ac-gp64, and vBmD64/bm-gp64 (Fig. 1), were gener-
ated by Lipofectin (Invitrogen)-mediated cotransfection of
BmN-4 cells with BmNPV or vBmD64/bm-gp64/Blue DNA
and each of transfer vectors pBK/gfp/lac, pBm64FR/bm-
gp64ha/Blue, pBm64FR/ac-gp64ha, and pBm64FR/bm-gp64ha
as described previously (Katou et al., 2001; Iwahori et al., 2002).
At 3 days posttransfection (p.t.), culture media were harvested,
and recombinant viruses in the culture media were plaque-
purified. The viruses producing blue or white plaques in the
presence of Bluo-gal (Gibco BRL) were cloned by three rounds
of plaque purifications. The correct structure of the genome of
recombinant viruses obtained was confirmed by PCR and DNA
sequencing analyses, and the expression of HA-tagged gp64s
was confirmed by immunoblot analysis (cf., Fig. 5A).
Fluorescence microscopy
To examine expression of EGFP, semiconfluent cells in
12.5-cm2 flasks (Falcon 3018) were infected with 0.5 ml of
vBm/gfp/lac at an MOI of 10 PFU per cell or transfected with 1
Ag of vBm/gfp/lac genomic DNA with the aid of Lipofectin as
described previously (Katou et al., 2001). These cells were
incubated at 28 -C and examined under a fluorescence
microscope.
Immunocytochemistry
BmN-4, Sf9, and High Five cells (1106 cells) were seeded
on 22-mm coverslips (Matsunami, Osaka, Japan) in 6-well
plates (Falcon 3046) and cultured overnight at 28 -C. After
keeping at 4 -C for 30 min, cells were mock infected or
infected with AcMNPV, BmNPV, or recombinant BmNPVs for
60 min at 4 -C at an MOI of 50. Infected cells were washed
three times with medium, incubated in 3 ml of medium for 2 or
4 h at 28 -C, and processed for immunocytochemistry as
described previously (Charlton and Volkman, 1993). Cells
were fixed with 2% paraformaldehyde in PBS (2.7 mM KCl,
1.5 mM KH2PO4, 137 mM NaCl, 8 mM Na2HPO4) for 10 min
at room temperature and washed once with PBS. Fixed cells
were permeabilized in 0.15% Triton X-100 in PBS for 10 min
and washed twice with PBS. Cells were immunolabeled with
mAb 39p10 against Ac-VP39 diluted at 1:200 for 60 min at
room temperature, washed twice with PBS, and reacted with
AlexaFluor 488-conjugated goat anti-mouse IgG antibody for
60 min. After washing with PBS, cells were incubated with
propidium iodide (PI) and RNase in PBS for 30 min at 37 -C
and mounted in FluoroGuard (BioRad). Cells were imaged in
the confocal laser-scanning microscope (Zeiss LSM510).
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Polypeptides from infected cells were resolved by SDS-
polyacrylamide gel electrophoresis according to the method of
Laemmli (1970) and transferred onto an Immobilon transfer
membrane (Millipore) or a nitrocellulose membrane (Advantec
Toyo, Osaka, Japan). The membranes were immunolabeled
with anti-Ac-GP64 mAb, anti-HA mAb HA.11, anti-BmNPV
polyhedrin antibody or anti-Ac/Bm-VP39 antibody, and
reacted with HRP-conjugated goat anti-mouse or anti-rabbit
IgG as the secondary antibody. Signals of GP64, HA, and
VP39 were detected by ECL Western blotting detection
reagents (Amersham Biosciences), and polyhedrin signals were
detected by Konica immunostaining HRP-1000 (Konica).
Viral DNA quantification and BV titration
Viral DNAs in the cells infected with BmNPV and
recombinant BmNPVs were determined by slot-blot hybrid-
ization analysis as described previously (Ikeda and Kobayashi,
1999; Katou et al., 2001). A 1121-bp DNA fragment
representing a portion of BmNPV p143 open reading frame
was amplified by PCR, fluorescein-labeled, and used as the
probe (Katou et al., 2001). BVs of BmNPV and recombinant
BmNPVs in the media of infected cells were titrated by the
plaque assay using BmN-4 cells as described previously
(Shirata et al., 1999).
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